ABSTRACT Xylocoris flavipes (Reuter), the warehouse pirate bug, is a predator of many storedproducts pests. This study compared the functional response of X. flavipes with different densities of the prey species Tribolium castaneum (Herbst), Oryzaephilus surinamensis (L.), Plodia interpunctella (Hü bner), and Rhyzopertha dominica (F.) in two different habitats: empty glass jars and glass jars Þlled with wheat kernels that were designed to simulate more natural conditions in stored grain. Differences in the functional response of X. flavipes to all combinations of prey densities and grain conditions were compared with the predicted functional response curves from HollingÕs type I and type II models, and to HassellÕs type III model. The functional response of X. flavipes was best described by HollingÕs type II model, but a type III response occurred with prey that were more difÞcult to subdue, such as T. castaneum larvae. Numbers of prey attacked by females were greater than those attacked by males (P Ͻ 0.05) in both habitats for some of the prey life stages and species. The maximum attack rates for the different prey species in empty glass jars over 24 h were as follows: T. castaneum, 27.3 small larvae, 1.6 large larvae; O. surinamensis, 24.3 small larvae, 17.4 large larvae; P. interpunctella, 27.2 eggs, 23.7 small larvae; R. dominica, 26.4 eggs and 16.6 internally feeding larvae.
PEST MANAGEMENT IN stored products is facing many challenges such as restrictions on the use of certain pesticides and evolution of insecticide resistance in pest populations (Hagstrum et al. 1999 , Phillips et al. 2000 . Many species of insect natural enemies occur in stored-product ecosystems (Brower et al. 1996) ; and these species represent potential biological control agents for pests. Inundative or augmentative release of insect natural enemies into stored-product systems received government approval as a pest mitigation practice in the United States, and they were exempted from a requirement for minimum tolerance levels (Anonymous 1992) . Although insects and insect fragments represent Þlth in stored commodities, the addition of natural enemies to grain is allowed under the assumption that the resulting grain product does not contain an insect load that exceeds government standards. Thus, biological control represents a potential alternative to chemical insecticides in stored product systems.
Xylocoris flavipes and several other insects in the subfamily Lyctocorinae frequently occur as predators in storage ecosystems (Brower et al. 1996) . X. flavipes preys on at least 13 species of insects belonging to three orders, and it has potential for use in biological control programs because of its ability to regulate populations of storage pests (Arbogast 1979) . The efÞcacy of X. flavipes as a biological control agent was reported in several studies in which experimental prey populations were suppressed (Jay et al. 1968 , Press et al. 1975 , LeCato and Collins 1976 , Arbogast 1976 , Keever et al. 1986 , Brower and Press 1992 .
Understanding predator-prey interactions is crucial if a biological control program is to be successful. Determining the effects of predation on prey populations is most commonly done through the analysis of functional and numerical responses (Huffaker and Messenger 1976) . Functional response deÞnes the relationship between the number of prey attacked per predator and prey density (Solomon 1949) . The number of prey attacked can then be used to help predict predator development, survival, and reproduction . Early functional response research was conducted by Holling (1959a Holling ( , 1995b , who formulated the mathematical models to describe predatory responses that were inßuenced by changes in predator behavior. Type I responses are the mathematically simplest and are exempliÞed by a predator with a constant search rate over all densities and a random search pattern. The number of prey killed per predator in a type I system would be directly proportional to prey density, thus yielding a linear response until satiation is reached (Hassell 1978) . Type II responses incorporate predator handling time, which refers to the act of subduing, killing, and eating a prey, and then perhaps cleaning and resting before moving on to search for more prey. The number of prey attacked increases at a constant initial rate under the type II model, but then increases at an ever decreasing rate as satiation is approached. Most arthropod predators possess a type II response (Holling 1961 , Royama 1971 , Hassell 1978 , Luck 1985 with some exceptions (Sandness and McMurtry 1970 , Tostowaryk 1972 , Hassell et al. 1977 . The third form of functional response, type III, is sigmoidal with a slowly increasing attack rate as the predator experiences increased prey density, and then decreasing as the predator approaches satiation at higher prey densities. The sigmoidal shape is thought to be the result of a change in predator search activity as prey density changes (Holling 1959a , Hassell 1978 .
Studies of functional response in X. flavipes are limited. Sing (1997) studied the functional response of X. flavipes to several different bruchid species infesting legumes, and LeCato and Arbogast (1979) studied predation by X. flavipes on eggs and larvae of the Angoumois grain moth, Sitotroga cereallela (Olivier) (Lepidoptera: Gelichiidae), at different prey densities. However, we are unaware of work that has speciÞcally addressed functional responses of X. flavipes to various prey species that are pests of stored cereal grains. The three objectives of the studies below were as follows: (1) Characterize levels of predation by male and female X. flavipes on different life stages of four species of stored product insect pests. (2) Determine which of the aforementioned functional response models best describes the predatory response of X. flavipes in the different experimental settings. (3) Investigate the ability of X. flavipes to prey on pests at different densities in both simple habitats with no grain and in a simulated grain habitat with prey densities similar to those encountered in the Þeld.
Materials and Methods
Predator. Xylocoris flavipes were obtained from a commercial producer of beneÞcial insects (Biofac, Mathis, TX) and from a colony maintained at the USDA-ARS Center for Medical, Agricultural and Veterinary Entomology in Gainesville, FL. Bugs were combined into one colony and kept at 30ЊC, 65% RH, and a photoperiod of 16:8 (L:D) h. All experiments were conducted under these same conditions. The bugs in the colony were fed ad libitum with eggs of the Indianmeal moth, Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae). Three-to Þve-day-old adult X. flavipes were gathered from the colony for this study and brießy chilled to separate them by sex.
Prey. Prey species used in this study were Oryzaephilus surinamensis (L.) (Coleoptera: Cucujidae), Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), P. interpunctella, and Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae). All prey were obtained from previously established colonies at Oklahoma State University reared under standard procedures (e.g., Howe 1991) . Tribolium castaneum used in experiments were small Þrst and second instars (Ͻ2.5 mm) and large fourth and Þfth instars (Ͼ4.5 mm). The small O. surinamensis used were Þrst and second instars (Ͻ2.5 mm) and the large larvae were fourth through sixth instars (Ͼ3.0 mm). The Þrst-and second-instar P. interpunctella used in the assays were Ͻ2.5 mm in length. Rhyzopertha dominica used in these assays were Þrst and second instars that were feeding inside wheat kernels. Tribolium castaneum and O. surinamensis larvae were sifted from the laboratory colony jars and retained on #20 and #40 sized (U.S. Standard) stacked sieves. Plodia interpunctella eggs were obtained by shaking eggs through screen covered 945-ml glass jars that contained 24-to 48-h-old moth adults. First-and second-instar P. interpunctella larvae were obtained after hatching from their eggs held in petri dishes containing a small amount of wheat ßour for 3Ð5 d. Rhyzopertha dominica eggs were obtained by placing 50 Ð100 adults in containers of ßour which is sifted daily through #20, #40, and #100 sized stacked sieves. To obtain wheat kernels containing Þrst-and second-instar Rhyzopertha dominica, eggs were placed in 100-welled microtiter plates with each well containing a single kernel of wheat. Eggs were allowed to hatch (Ϸ7Ð9 d at 30ЊC) and larvae were given 3Ð 4 d to burrow into the kernels. Individual kernels were then examined under a microscope and those kernels with entrance holes packed with frass were selected for use because they contained larvae of R. dominica.
Empty Jar Assays. Laboratory functional response assays were conducted with the above pest species in 240-ml glass jars with a bottom diameter of 5.4 cm. These assays are designated as empty jar experiments. The empty jar assays conducted with external feeding larvae actually contained 0.10 g of whole-wheat ßour to minimize prey cannibalism, which was witnessed in preliminary assays. Predators were separated by sex, starved for 24 h, and added singly to the glass jars containing various densities of each prey species. The densities for the empty jar treatments were determined in preliminary assays to ensure maximum levels of predation would be reached. Densities used in the empty jar assays were as follows: T. castaneum large larvae at 5, 15, 20, and 30, and small larvae at 10, 20, 30, 40, and 50; O. surinamensis large and small larvae each at 10, 20, 30, 40, 50, and 60; P. interpunctella eggs at 10, 50, 100, 150, 200, and 300, and small larvae at 10, 20, 30, 40, 50, and 60; R. dominica eggs 10, 25, 50, 100, 150, and 200 , and small larvae within kernels of wheat at 5, 10, 15, 20, 25, and 30. The predators were removed after 24 h and the number of prey killed was determined. Ten replicates of each density were deployed for each sex of predator, and 10 control jars at each density without predators were used to determine the level of cannibalism and natural mortality. Prey mortality in jars with predators was adjusted downward by the mean level of mortality in control jars.
Wheat Jar Assays. The wheat jar experiments used 946-ml glass jars and evaluated predation on O. surinamensis, P. interpunctella, and R. dominica. Each jar contained 475 g wheat, which was Ϸ18,400 kernels, and 25 g of ßour. The prey densities for the wheat jar experiments were as follows: O. surinamensis large and small larvae each at 5, 10, 15, 20, 25, and 30; P. interpunctella eggs at 50, 100, 150, 200, and 300, and small larvae at 5, 10, 15, 20, 25, and 30; R. dominica eggs at 10, 25, 50, 100, 150, and 200 , and small larvae inside kernels of wheat at 5, 10, 15, 20, 25, and 30. Free-living prey were allowed 1 h to disperse. Jars with eggs added were tapped on a hard surface Þve times to disperse eggs within the top 5Ð10 cm of wheat kernels. Wheat kernels containing R. dominica larvae were added to the jars, which were then turned on their sides, rotated Þve times, and then turned end over end Þve times to disburse kernels throughout the jar.
Male and female predators were starved for 24 h and introduced singly to the jars for 48 h. Predators were given 48 h in the wheat jar treatments as opposed to the 24 h, as in the empty jars, to allow for acclimation to the more complex habitat. After removal of predators the jars containing eggs and small larvae were kept in a growth chamber until the surviving prey were large enough to count, or in the case of R. dominica, until adult emergence. Ten replications for each prey species and density were conducted for both male and female predators and for control jars of prey without predators. Prey mortality in jars with predators was adjusted downward by the mean level of mortality in control jars.
Data Analysis. We used HollingÕs (1959a HollingÕs ( , 1959b type I and II models, and the type III model of Hassell et al. (1977) as follows:
In these models, N A is the number of prey killed, N is the initial density of prey, T is the time available for searching during the experiment, a is the instantaneous rate of discovery, and T h is the amount of time the predator handles each prey killed. The coefÞcients of determination (r 2 values) were calculated by SAS PROC NLIN (SAS Institute 1996) to determine which nonlinear model best Þts the experimental values. Parameters a and T h from the functional response models were estimated using SAS PROC NLIN (SAS Institute 1996) also. All analysis of density effects on predation and male to female comparisons of predation were completed using SAS PROC MIXED (SAS Institute 1996) .
Results
Predatory response by X. flavipes Þt either a type II or type III functional response model best in all cases based on maximum values for coefÞcient of determination (Table 1) , and in all but one case the predators killed signiÞcantly more prey as the prey density increased (Tables 2Ð 8) . X. flavipes killed a small number of large T. castaneum larvae in empty jars (Table 2) and there were clearly fewer of these prey killed per predator compared with other prey species and life stages studied. We observed that it was difÞcult for X. flavipes to subdue and kill large larvae of T. castaneum, and that these prey would actively dislodge predators that were attempting attacks. The very small increase in predation with density of large T. castaneum larvae resulted in a lack of a typical functional response curve Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using LSD procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be not signiÞcant on small larvae (F ϭ 2.80; df ϭ 1, 1,185; P ϭ 0.0966) but were signiÞcantly different for large larvae (F ϭ 7.21; df ϭ 1, 118; P ϭ 0.0083). Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using LSD procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be not signiÞcant on eggs (F ϭ 0.21; df ϭ 1, 98; P ϭ 0.6517) or small larvae (F ϭ 0.47; df ϭ 1, 118; P ϭ 0.4931). Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using least signiÞcant difference (LSD) procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be signiÞcant on small larvae (F ϭ 16.5; df ϭ 1, 67.5; P ϭ 0.0001) and large larvae (F ϭ 6.33; df ϭ 1, 74; P ϭ 0.0141). 
Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using LSD procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be not signiÞcant on small larvae (F ϭ 1.81; df ϭ 1, 118; P ϭ 0.1807) or large larvae (F ϭ 0.93; df ϭ 1, 118; P ϭ 0.3378).
when the data were plotted (Fig. 1A) . More typical functional response curves, for which the data Þt a type II response, are shown in Fig. 1 B and C. Predator sex inßuenced predation in some cases. A signiÞcant difference (P Ͻ 0.05) in predation by sex was found in 24 out of the 80 separate prey density trials, and in all these cases female X. flavipes killed more prey than males (Tables 2Ð 8) .
Xylocoris flavipes were successful at locating and killing R. dominica larvae that were feeding inside wheat kernels. In empty dish trials we observed that predators examined infested wheat kernels until the beetle larvaÕs entrance hole was found, then the predator would insert its stylet through the entrance hole to bite and feed on the prey. Predators successfully found and killed nearly half of the R. dominica larvae feeding inside the small numbers of kernels dispersed among the 18,000 kernels of wheat in wheat jar experiments (Table 8) .
Discussion
The functional responses of X. flavipes to different prey in this study was similar to those of other insect predators (Holling 1961 , Hassell 1978 . Most of our functional response trials resulted in a strong Þt to a curvilinear type II response in which most predators killed a majority of the prey at low prey densities and then displayed a decrease in the rate of predation at higher prey densities. Data from some of our trials Þt a sigmoidal type III response in which there is an initial slow rate of predation followed by a fairly constant rate and then a deceleration of response as in the type II model. The initial low level of predation at low prey densities in the type III model is assumed to be associated with a period of learning related to prey location. Low levels of predation and associative learning of stimuli from certain prey species may have occurred with X. flavipes in our experiments. Alternatively, statistical estimates of attack rate (a) and handling time (T h ) from HollingÕs and HassellÕs models may have been erroneous because of factors such as sample size and variance of data subjected to the nonlinear regression (Livdahl and Stiven 1983 , Houck and Strauss 1985 , Williams and Juliano 1985 . For the three or four cases in which the coefÞcient of determination was highest for a type III model, the same value for the type II model was very close, thus allowing for interpretation as either type II or type III.
The performance of female predators often surpasses that of their male counterparts, due presumably to the heavy investment females make toward production of eggs (DeBach and Smith 1941). Here we found that X. flavipes females killed more prey than males in only Ϸ30% of the cases, and there was no clear trend in sex differences related to presence of grain or prey type. Parajulee et al. (1994) found a marginally signiÞcant effect of sex in predation in another anthocorid predator of stored-product pests, Lyctocoris Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using LSD procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be signiÞcant for eggs (F ϭ 4041; df ϭ 1, 118; P ϭ 0.0378) and small larvae (F ϭ 13.29; df ϭ 1, 94.7; P ϭ 0.0004). Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using LSD procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be signiÞcant for eggs (F ϭ 11.39; df ϭ 1, 118; P ϭ 0.0010) but were not signiÞcant for small larvae (F ϭ 1.61; df ϭ 1, 118; P ϭ 0.2066).
campestris, and for one out of the three prey species they studied there was more predation by male bugs. It is possible that anthocorid predators in stored-product systems have no predictable pattern of sex-related levels of predatory response. More information is needed on prey utilization by the sexes, and also on sex-speciÞc behavior related to predation in these bugs.
Our experiments with prey in jars of wheat conÞrm the ability of X. flavipes to hunt and subdue prey in a complex habitat. Jay et al. (1968) conducted population suppression studies with X. flavipes using rolled oats in 945-ml jars with prey. In their studies, X. flavipes achieved suppression of three pest species after 30 d. Arbogast (1976) studied X. flavipes in Þber drums that were 80 cm high by 39.5 cm i.d. containing shelled corn to a depth of 26 cm. The predator suppressed O. surinamensis in that situation within 15 wk. We were concerned that the predators would not be able to penetrate the small interstitial spaces of the wheat and ßour mixture to reach the crawling larvae of O. surinamensis and P. interpunctella in the current study. When the predators were removed at the end of the assay period, some were found alive on the very bottom of the 945-ml jars, which indicated that adequate space was available for them to maneuver and hunt in the wheat. Although a direct comparison between predation in empty jars and wheat jars is not valid because of differences in exposure time, it was clear that X. flavipes killed nearly as many or more prey in wheat jars compared with empty jars given similar prey densities (e.g., Fig. 1 B and C) . X. flavipes were able to locate and kill eggs of R. dominica and P. interpunctella in wheat jars at levels similar to those killed in empty jars. Plodia interpunctella eggs are used as food for rearing X. flavipes in our laboratory colony, so the predators may have been adapted to chemical or physical cues associated with P. interpunctella that may have facilitated predatory behavior in the wheat. However, our X. flavipes had no previous exposure to R. dominica, so the substantial levels of attack on this prey species in wheat points to the potential versatility Means in a column for a given prey type followed by different letters are signiÞcantly different (P Ͻ 0.05) using LSD procedures. Differences in predation between males and females were determined through an ANOVA. Overall experiment-wide differences in male and female predation were also determined with an ANOVA and were found to be not signiÞcant for eggs (F ϭ 3.70; df ϭ 1, 118; P ϭ 0.0567) or small larvae (F ϭ 0.52; df ϭ 1, 118; P ϭ 0.4706).
of this predator for biological control of stored grain insects.
The ability of X. flavipes to Þnd and attack the internally feeding R. dominica larvae shows that this predator is not limited to preying on external stages of stored grain insects. LeCato and Arbogast (1979) showed that X. flavipes could suppress laboratory populations of the internal-feeding Angoumois grain moth, but they suspected most predation occurred on the eggs and new larvae, which occur outside the grain kernel. Our experiments demonstrated that X. flavipes could Þnd and kill the internally feeding larvae of R. dominica, and that bugs could Þnd as few as Þve infested kernels within a jar containing over 18,000 kernels of wheat. More research is required with additional life stages of internal-feeding storage pests to fully realize the implications of our results. However, results presented here clearly show that X. flavipes can effectively subdue both external and internal grain insect pests at low densities. Application of insect natural enemies like X. flavipes in biological control programs in stored grain requires operational studies and validations under Þeld conditions.
